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Several viruses of the family of Adenoviridae are associated with disease in birds. Here we report the
detection of a novel adenovirus in the cloacal bursa of herring gulls (Larus argentatus) and lesser black-
backed gulls (Larus fuscus) that were found dead in the Netherlands in 2001. Histopathological analysis
of the cloacal bursa revealed cytomegaly and karyomegaly with basophilic intranuclear inclusions
typical for adenovirus infection. The presence of an adenovirus was conﬁrmed by electron microscopy.
By random PCR in combination with deep sequencing, sequences were detected that had the best hit
with known adenoviruses. Phylogenetic analysis of complete coding sequences of the hexon, penton
and polymerase genes indicates that this novel virus, tentatively named Gull adenovirus, belongs to the
genus Aviadenovirus. The present study demonstrates that birds of the Laridae family are infected by
family-speciﬁc adenoviruses that differ from known adenoviruses in other bird species.
& 2013 Elsevier Inc. All rights reserved.Introduction
Adenoviruses are large non-enveloped DNA viruses with a
linear double-stranded DNA genome. Virus particles consist of a
protein shell which surrounds a DNA-containing core. The protein
shell consists mainly of the hexon, penton base and ﬁber proteins.
The family of Adenoviridae is divided into ﬁve different genera:
Mastadenovirus, isolated from mammals; Aviadenovirus, isolated
from birds; Atadenovirus, isolated from reptiles, birds and mam-
mals; Siadenovirus, isolated from a reptile and birds; and Ichtade-
novirus, isolated from ﬁshes (Harrach and Kajan, 2011). The genus
Aviadenovirus is further subdivided into eight different species, all
of which contain one or more viral types or subspecies (Harrach
and Kajan, 2011; ICTV). Adenovirus infections have been identi-
ﬁed as the cause of a wide spectrum of diseases in multiple
species, including acute respiratory illness in humans and hepa-
titis in dogs (Decaro et al., 2008; Denny, 1995; Metzgar et al.,
2007). Adenoviruses are very host-speciﬁc and have probably co-
evolved with their host, although interspecies transmissions have
occurred (Davison et al., 2003).
In birds, clinical signs following infection with adenoviruses
range from absent to severe disease. For example, adenoviruses ofll rights reserved.
n).the genus Atadenoviruses have been identiﬁed as the cause of egg
drop syndrome (Van Eck et al., 1976) and adenoviruses of the genus
Siadenovirus can cause hemorrhagic enteritis in turkeys (Harris and
Domermuth, 1977). In the order Anatiformes, mainly in ducks and
geese, multiple species of adenovirus have been detected and are
associated with disease (Hollmen et al., 2003; Ivanics et al., 2010;
Kajan et al., 2012; Riddell, 1984; Zsak and Kisary, 1984).
However, in the order of Charadriiformes (mainly gulls, terns
and waders), the presence and role of adenoviruses are largely
unknown. Recently, a novel adenovirus was detected in the South
polar skua (Catharacta maccormicki, family Stercorariidae) from
King George Island, Antarctica (Park et al., 2012) and already
more than two decades ago, adenovirus-like particles were
detected in the cloacal bursa (bursa of Fabricius) of herring gulls
(Larus argentatus, family Laridae) from Newfoundland, Canada
(Leighton, 1984). Since these adenovirus-like particles were
detected during an animal experiment and animals were kept in
close contact with other bird species, the virus might have
originated from another species and the exact origin of the
adenovirus-like particles remained unknown since no material
for molecular diagnostics was available (Leighton, 1984). In the
present manuscript, we describe the detection and characteriza-
tion of a novel adenovirus, as well as associated histological
lesions, from the cloacal bursa of herring gulls and lesser black-
backed gulls (Larus fuscus) that were found dead in 2001 in the
Netherlands.
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Macroscopic and microscopic observations
The weight of the birds ranged between 570 and 734 g, and the
cloacal bursa ranged in size between 6 and 15 mm in diameter
and was grey–pink in all animals. No macroscopic lesions except
emaciation were seen at necropsy. On histopathological exam-
ination, in the cloacal bursa of three herring gulls and two lesser
black-backed gulls, the cortex of a few follicles contained multiple
enlarged cells (cytomegaly). These enlarged cells had prominently
enlarged nuclei (karyomegaly) in which one or more round
basophilic inclusions were present, some surrounded by an empty
space (halo) (Fig. 1A–C). A number of these enlarged cells were
also present in the medulla of the follicles, detached from the
cortical layer of cells surrounding the lumen. Histological lesions
were detected in neither the other tissues of herring gull no. 1 nor
the cloacal bursa of the other gulls.Fig. 1. Adenovirus-associated lesions and adenovirus particles in the cloacal bursa of a
cloacal bursa (A), mainly in the cortical layer but also in the medulla (B). Karyomegaly an
basophilic inclusion surrounded by an empty space (halo) (C). H&E stained slides, Orig
particles in the nuclei of enlarged cells in the medulla of follicles of the cloacal bursa (D,
electron microscopy pictures, original magniﬁcation D: 14,000 , E: 44,000 , F: 110,0
Table 1
Overview of samples and test results of the present study.
Bird no. Species Body weight (g) Histological lesions in th
1 Herring gull 662 þ
2 Herring gull 710 
3 Herring gull 732 
4 Herring gull 570 þ
5 Herring gull 800 
6 Herring gull 508 þ
7 Lesser black-backed gull 734 þ
8 Lesser black-backed gull 558 þ
9 Lesser black-backed gull 718 
n.a.: Not available.
n CT-values are indicated in brackets.Detection of adenovirus-like particles by electron microscopy
Multiple aggregates of hexagonal particles were detected in
enlarged cells with basophilic intranuclear inclusions, mainly in
the intranuclear inclusions themselves (Fig. 1D–F). The mean
diameter of seven hexagonal particles, measured at 140,000
magniﬁcation, was 67.6 nm (standard deviation 3.3 nm).
Detection of virus-speciﬁc sequences by metagenomic sequencing
More than 45,000 individual sequences were ampliﬁed from
the bursa tissue of herring gull 1. By blast analysis of these
collected sequences, 1490 sequences were detected that showed
the best hit with sequences of Animalia. In addition, 125 sequence
reads were detected that showed e-values below e10 for Fowl
adenovirus 9 (68 reads), Turkey adenovirus 1 (44 reads),
Fowl adenovirus A (30 reads), Simian adenovirus 3 (7
reads), Fowl adenovirus C (5 reads), Fowl adenovirus 1 (3 reads),herring gull. Enlarged basophilic cells were present in a number of follicles of the
d basophilic intranuclear inclusions were present in enlarged cells. In the inset is a
inal magniﬁcation A: 100 , B: 200 and C: 400 (inset: 1000 ). Aggregates of
E) that have the size and hexagonal shape typical of adenoviruses (F). Transmission
00 .
e cloacal bursa Detection of Gull adenovirus DNA by real-time PCRn
Cloacal bursa Fecal material Other tissues
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adenovirus (2 reads). In addition, sequences were detected with
431% identity on the amino acid level with viruses of inverte-
brates and vertebrates, including iridoviruses of tsivakihini paste
shrimp (Acetes erythraeus) (1 read), adeno-associated viruses of
birds (14 reads) and parvoviruses of geese and patridges (1 read).Characterization of the partial adenovirus genome by Sanger
sequencing
The complete coding sequence of the hexon gene, penton base
gene and polymerase gene of the newly discovered adenovirus,
hereafter called Gull adenovirus, were obtained by Sanger
sequencing (Genbank accession numbers KC309438, KC309439,Table 2
Nucleotide and deduced amino acid sequence identities (%) between Gull
adenovirus and representative Aviadenoviruses.
Hexon Penton base Polymerase
nt aa nt aa nt aa
Fowl adenovirus A (Celo) 71.2 70.6 68.6 70.5 66.7 65.0
Fowl adenovirus C 71.1 68.5 71.6 71.1 66.8 66.4
Fowl adenovirus E 70.3 70.3 71.3 72.5 69.3 66.2
Fowl adenovirus 9 67.3 70.1 69.2 70.5 67.9 66.8
Turkey adenovirus 1 73.1 69.8 73.2 71.5 70.8 66.7
Goose adenovirus 4 63.3 67.5 65.1 70.7 58.7 55.7
Gen bank accessions: Fowl adenovirus A: AP_000418.1, Fowl adenovirus C:
NC_015323.1, Fowl adenovirus E: NC_014969.1, Fowl adenovirus 9: AF083975.2,
Turkey adenovirus 1: ADM53801.2, Goose adenovirus 4: NC_017979.1.
Fig. 2. Phylogenetic analysis of the hexon, penton base and polymerase genes of the Gu
hexon (A), penton base (B) and polymerase (C) genes of the Gull adenovirus and othe
mastadenovirus, at: atadenovirus, si: siadenovirus, avi: aviadenovirus, icht: ichtadenov
bootstrap values are indicated. Genbank accessions: Human adenovirus 2: BAG48779
adenovirus 1: DQ106414.1, Duck adenovirus A: NC_001813.1, Bovine adenovirus D:
NC_016437.1, Turkey adenovirus 3: AF074946.1, Frog adenovirus: AF224336, Fowl ad
NC_015323.1, Goose adenovirus 4: NC_017979.1, White Sturgeon adenovirus: CAD422KC309440). Phylogenetic analysis of the deduced complete amino
acid sequence of the hexon gene, penton base gene and poly-
merase gene revealed that the Gull adenovirus was not identical,
but most closely related to known avian adenoviruses. Analysis of
the pairwise identity of the nucleotide sequences and deduced
amino acids of the hexon gene, penton base gene and polymerase
gene of representative viruses of the genus Aviadenovirus and the
Gull adenovirus indicate that it is most closely related to Turkey
adenovirus 1 isolate D90/2, with identities between 67% and 72%
for the deduced amino acid sequence and identities between
71% and 73% for the nucleotide sequence (Table 2 and Fig. 2).
By further analysis of the similarity of the deduced amino acid
sequence of the hexon gene of Gull adenovirus with other viruses
of the genus Aviadenovirus, the highest level of similarity was
observed in the regions that are identiﬁed as the constant regions
in other adenoviruses, while two hypervariable regions were
identiﬁed, which are at similar positions as the variable
regions (loop region) identiﬁed in human and animal adeno-
viruses (Kinloch et al., 1984; Sheppard et al., 1995) (Fig. 3).
Detection of adenovirus in other samples of gulls
The partial coding sequence of the hexon gene was obtained
from samples of cloacal bursa and feces of the gulls with cloacal
bursal lesions (5 out of 9 gulls). Sequence analysis of this
fragment of 700 bp revealed that this sequence was identical in
the analyzed samples. In addition, other available samples were
analyzed by real-time PCR, and viral DNA of Gull adenovirus
was detected in seven out of nine cloacal bursa samples and in
three out of eight feces samples of the nine necropsied gulls.
In addition, viral DNA of Gull adenovirus was detected in the
intestine and liver of herring gull no. 1, while no viral DNA of Gullll adenovirus. Neighbour-joining trees of the deduced amino acid sequence of the
r selected species of adenovirus of the ﬁve known genera of adenoviruses (mast:
irus) were prepared with p-distance and 1000 bootstrap replicates. Signiﬁcant
.1, Canine adenovirus 2: AC_000020.1, Murine adenovirus A: AC_000012.1, Snake
NC_002685.2, Raptor adenovirus 1: NC_015455.1, South Polar Skua adenovirus:
enovirus A: AP_000418.1, Turkey adenovirus 1: ADM53801.2, Fowl adenovirus C:
35.1.
Fig. 3. Amino acid similarity plot of the hexon gene. The deduced amino acid
sequence of the hexon gene of Gull adenovirus was compared with the amino acid
sequence of the hexon gene of Goose adenovirus 4 (blue line), Fowl adenovirus C
(pink line), Fowl adenovirus A (green line) and Turkey adenovirus 1 (red line). The
amino acid identity was plotted with a sliding window size of 100 and a step size
of 10 amino acids. (For interpretation of the references to color in this ﬁgure
legend, the reader is referred to the web version of this article.)
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(Table 1).Discussion
In the present study, we used histology, electron microscopy
and sequencing to identify and characterize a novel adenovirus,
tentatively named Gull adenovirus, in herring gulls and lesser
black-backed gulls that were found dead in the Netherlands in
2001. Histological lesions associated with adenovirus infection
were observed in the cloacal bursa of these gulls. By use of
electron microscopy, particles were identiﬁed of which both the
shape and size corresponds with those of adenoviruses (Doane
and Anderson, 1987). The presence of adenovirus DNA was
conﬁrmed by random PCR in combination with deep sequencing.
The complete coding sequence of the hexon, penton base and
polymerase genes of this adenovirus was obtained by Sanger
sequencing, and phylogenetic analysis of these sequences
revealed that this virus has the highest similarity to aviadeno-
viruses including Turkey adenovirus 1 isolate D90/2 and Fowl
adenovirus 9. Since this virus has not been detected in studies of
other avian species, and adenoviruses are known to be very host-
speciﬁc, it is most likely that this Gull adenovirus is speciﬁc
for gulls. The presumed host-speciﬁcity and phylogenetic analysis
suggests that Gull adenovirus is a new species of the genus
Aviadenovirus.
Adenovirus-like particles have been detected previously in the
cloacal bursa of herring gulls in Newfoundland, Canada (Leighton,
1984). Since the pertinent molecular analysis was not possible at
that time, it will remain unclear if the virus that we detected in
our samples is identical to those previously detected adenovirus-
like particles.
In other bird species in which adenoviruses have been detected
in the cloacal bursa (Chen et al., 2009; Romanova et al., 2009), viral
DNA and virus-associated lesions were detected in several other
organs as well, including the liver, intestines and lymphoid organs.
In contrast, in our gulls adenovirus-associated lesions were only
detected in the cloacal bursa. Since no other lymphoid organs of the
gulls of the present study could be tested, it is unknown if the Gull
adenovirus speciﬁcally targets the cloacal bursa, or other lymphoid
organs as well.
The presence of Gull adenovirus DNA—by use of a newly
developed real-time PCR—in seven out of nine tested gulls
suggests either that we happened to sample the gulls during anepidemic, or, more likely, that infection of gulls with this adeno-
virus is common. The availability of the real-time PCR makes it
possible to test this hypothesis by screening of fecal samples and
cloacal swabs of gulls for this virus. Although we conﬁrmed the
speciﬁcity of the real-time PCR by sequencing of the ampliﬁed
regions in a proportion of the samples, we cannot completely
exclude that the real-time PCR does not cross-react with other
(at present unknown) DNA.
The fact that the partial sequence of the hexon gene of the
adenoviruses obtained from both herring gulls and lesser black-
backed gulls were identical suggests that the Gull adenovirus can
infect at least two species of gulls. Of interest, these two species of
gulls are closely related and are known to interbreed (Adriaens
et al., 2012; Tinbergen, 1929).
Although Gull-adenovirus-associated lesions were present in
gulls found dead, these lesions were only focally extensive and
limited to the cloacal bursa, and it is unlikely that Gull adenovirus
infection caused the death of these animals. In herring gull no. 1,
Gull adenovirus DNA was also detected in the liver, but no
associated lesions were observed. Therefore, the cause of death
of these animals remains unknown. However, since the cloacal
bursa plays an important role in the immune system of birds,
especially young birds, adenovirus infection of lymphoid cells
present in this organ could have caused immunosuppression
and subsequent increased sensitivity to other viral, parasitic or
bacterial infections as has been suggested previously (Leighton,
1984).
The present study demonstrates the presence of a novel adeno-
virus in two species of gull that both occur in large numbers and
often live in (peri-) urban areas. More research on its prevalence,
pathogenesis, and potential immunosuppressive effects in gulls,
as well as its potential to transmit to other species of birds—both
wild and domestic—is necessary to elucidate the signiﬁcance of this
novel adenovirus.Materials and methods
Collection of samples
Necropsy of six juvenile herring gulls and three juvenile lesser
black-backed gulls (Table 1), found dead in the area of Haarlem,
the Netherlands in August 2001, was performed according
to standard procedures. Birds were examined in the course of
an outbreak of circovirus infection among black-headed gulls
(Chroicocephalus ridibundus) in the Netherlands. Samples of cloa-
cal bursa from all birds—and, in addition, lung, liver, kidney, and
duodenum from herring gull no. 1—were stored in 10% neutral-
buffered formalin. Samples of cloacal bursa and fecal material
from all birds—and, in addition, above-mentioned tissues from
herring gull no. 1—were stored at 70 1C.Histopathological evaluation and electron microscopy
All tissues were embedded in parafﬁn and 4 mm-thick sections
were prepared. After staining with hematoxylin and eosin, all
tissue sections were evaluated by light microscope for the
presence of histological lesions. Ultrathin slides of the bursa
tissue
of herring gull no. 1 were prepared according to standard proce-
dures for electron microscopy and slides were evaluated using a
Morgagni M268D transmission electron microscope.
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Organs were thawed and homogenized using a Fastprep24
tissue homogenizer (MP Biomedicals) in Hank’s balanced salt
solution containing 0.5% lactalbumin, 10% glycerol, 200 U/ml peni-
cillin, 200 mg/ml streptomycin, 100 U/ml polymyxin B sulfate,
250 mg/ml gentamycin, and 50 U/ml nystatin (ICN Pharmaceuticals)
and centrifuged brieﬂy. Supernatants from homogenates were
ﬁltered and the sample of the cloacal bursa of herring gull
no. 1 was treated with Omnicleave Endonuclease (Epicenter Bio-
technologies). Fecal samples were suspended in phosphate-
buffered saline (PBS) to 10% weight-to-volume, centrifuged brieﬂy
and ﬁltered. Subsequently, viral nucleic acids were extracted using
the High Pure Viral Nucleic Acid kit (Roche) according to the
instructions of the manufacturer. Using random PCR in combination
with next-generation sequencing with a 454 GS Junior instrument
(Roche), random sequences of the DNA present in the bursa of
herring gull no. 1 were obtained essentially as described previously
(van den Brand et al., 2012; van Leeuwen et al., 2010). Adapter and
primer sequences were removed from all reads, and obtained reads
were assembled using de novo assembly in CLC Genomics Work-
bench 5.5.1 (CLC Bio) and analyzed according to nucleotide (contigs
and singletons) and translated nucleotide BLAST. Sequences were
classiﬁed into viruses, phages, bacteria, and eukaryotes based on
the taxonomic origin of the best-hit sequence using MEGAN soft-
ware. E-values of e10 were used as the cut-off value of signiﬁcant
virus hits for BLASTn and BLASTx, respectively.
Sanger sequencing
Using the 454-sequencing reads, speciﬁc primers were
designed and used to obtain partially overlapping PCR amplicons
of the hexon, penton base and polymerase genes of the detected
adenovirus, using AmpliTaq Gold DNA polymerase (Roche),
according to instructions of the manufacturer. Amplicons were
ligated into the pCR 2.1 Topo vector (Invitrogen) and sequences
of at least two clones in two directions were obtained as
described previously (van Leeuwen et al., 2010). Primer sequ-
ences are available upon request.
Phylogenetic analysis
Multiple alignments were created using the ClustalW method
in MEGA5 Software based on the deduced amino acid sequences
of the hexon (KC309438), penton (KC309439) and polymerase
(KC309440) genes of the detected adenovirus. Phylogenetic
analyses were performed using neighbour-joining with the p-
distance model, 1000 bootstrap replicates, and otherwise default
parameters in MEGA5. Pairwise distances between selected avia-
denoviruses and detected adenovirus were calculated with
MEGA5 software using default parameters. A similarity plot of
the deduced amino acid sequence of the hexon gene of the
detected adenovirus and selected aviadenoviruses was prepared
using Simplot 3.5.1 (Lole et al., 1999).
Molecular detection of Gull AdV in samples of gulls
A real-time PCR was developed targeting a small fragment
(100 bp) of the hexon gene using forward primer 50-CTCATGCC-
GACGCTCTACAC-30, reverse primer 50-ATACCGTGCGCGTCAATCA-
30 and probe 50FAM-CGTTGCCTGTAGCGAA-BHQ-30 using Primer
Express software (version 3.0, Applied Biosystems). Ampliﬁcation
and detection of the adenovirus in nucleic acids in tissues and
fecal material was performed using a 7500 Real-Time PCR system
(Applied Biosystems) and Taqman Universal Mastermix (Applied
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